'The possibility of using physic nut oil as an alternative energy source indicates that it is necessary to carry out studies concerning the absorption and accumulation of nutrients in the distinct phases of development of the crop for the appropriate management of fertilizer application. Given this information, this study aimed to evaluate the accumulation of nutrients in the shoots of physic nut plants, as well as to identify critical nutrient uptake by this crop. The experiments were set up independently in two different locations, from May 2010 to March 2013, and using the same procedures. The locations were characterized as follows: Rhodic Hapludox in the municipality of Curvelo, MG; Typic Quartzipsamment in the municipality of Diamantina, MG. The experiments were conducted in a randomized block design with three replicates, the treatments being the evaluation times of the physic nut plants in both experiments. The collection times were every 30 days from planting of the seedlings in the field for a period of 1,036 days, corresponding to 36 evaluations. After collection, the samples were prepared and submitted to chemical analysis of the nutrient concentration of the plant material. The concentrations were reported as nutrient content of the leaves, stems and fruit of physic nut plants. According to the results, it can be concluded that nutrient accumulation was higher in the edaphoclimatic conditions of Curvelo compared to the conditions of Diamantina. The concentration of macronutrients was in the following order: K>Ca>N>P>S>Mg in Diamantina and N>Ca>K>P>Mg>S in Curvelo. Accumulation of micronutrients in the shoots at 1036 days after planting physic nut seedlings in the field was in the following order: Mn>B>Fe>Zn>Cu in Diamantina and Mn>Fe>B>Zn>Cu in Curvelo. Key words: Nutrition. Absorption. Jatropha curcas L.
Introduction
Research into biodiesel production and its development, encompassing the complete study of nine native oilseeds in Minas Gerais, began in 1980. Among the oleaginous plants, physic nut (Jatropha curcas L.) has been highlighted as a rustic, perennial plant adapted to a wide range of environmental, soil and climatic conditions. This plant is considered to be tolerant to drought and resistant to attack by pests, diseases and herbivores.
The physic nut plant is characterized as a perennial species of the Euphorbiaceae family, which is shrub-sized and presents rapid growth, originating from Central America but growing spontaneously in several regions of Brazil (LAVIOLA; DIAS, 2008) . Its cultivation aroused economic interest after the discovery of high oil content of its seeds (33 to 38% oil), which represents between 53 and 79% of the weight of its fruit, and because it is a rustic plant adapted to diverse soil and climatic conditions (LIMA et al., 2011a) . Its oil is not edible and, therefore, would not be diverted to human food. For this reason, particular attention has been given to this species with regard to biodiesel production, and it has the potentially to be used in the production of oil from marginal areas without competing with crops for food purposes (ANDRÉO-SOUZA et al., 2010) .
In a short space of time, physic nut projects began in Brazil, India, Mexico, Nicaragua and other countries, some of them supported by supported by international development agencies. Some countries managed to complete projects, but in other countries projected stopped early, such as in the case of Brazil which now seeks to make up for lost time.
Study of the accumulation of dry mass and absorption of nutrients according to the phenological stage of the plant provides information on the period during which plants absorb nutrients in greater proportions and, at the same time, indicates the most propitious time for addition of nutrients in forms readily available to plants. Although the accumulation of dry mass and nutrients is affected by climate, cultivar and cropping systems, 'nutrients are generally absorbed according to the stage of the growth cycle and the translocation in the plant (NOVAIS et al., 2007) . The amount and intensity of nutrient uptake by plants occur as a function of the intrinsic characteristics of the organism and external factors that condition the process.
For a given species, the ability to remove nutrients from the soil and the required amounts varies, not only with the cultivar, but also with the degree of competition. Environmental fluctuations, such as temperature and soil moisture, can affect the nutrient content of the leaves considerably. These factors influence both the availability and uptake of nutrients by the roots and, consequently, the shoot growth (NOVAIS et al., 2007) . On the other hand, the accumulation and distribution of mineral nutrients in the plant depends on its stage of development. At a given moment, the various organs of a plant may be at different stages of development, which will consequently influence their mineral composition (TAIZ; ZEIGER, 2013) . The optimal curve of nutrient consumption should define the dose of nutrient to be applied, avoiding possible deficiency or excessive intake; in the latter situation, the plant absorbs more nutrients than it requires and the excessive amount is not reflected by increased productivity.
Most of the dry weight of a vegetable consists of organic materials resulting from photosynthesis and subsequent processes. The essential nutrients, that is the nutritional elements most plants need to complete their cycle, are: C, O and H (provided by air and water); N, P and K (primary macronutrients); Ca, Mg and S (secondary macronutrients) and B, Cu, Fe, Mn, Mo and Zn (micronutrients). The adequate supply of each nutrient at each stage of crop development is essential for optimal growth at all stages (RITCHIE et al., 2003) .
Application of fertilizer is one of the main management practices used to increase the productivity and profitability of a crop. It is possible to increase production of jatropha plants using this technique. However, currently there is insufficient information available to make scientifically-based recommendations for fertilizer application due to the scarcity of studies on the behavior of this species.
In view of this, this study aimed to evaluate the accumulation of nutrients in the shoot of the physic nut plant, as well as to identify the critical phases of nutrient absorption in this crop.
Materials and Methods
Independent experiments were carried out following the same procedures, from May 2010 Silva (2009) .
The production of physic nut seedlings was carried out in the greenhouse of the Department of Agronomy of the UFVJM in Diamantina (MG), using seeds from a plant population supplied by the company EPAMIG/CTNM in Nova Porteirinha (MG). The physic nut seedlings were planted planted at the start of the experiments on 05/25/2010, with a spacing of 2.5 m between rows and 2.0 m between plants, in pits sized 0.3 × 0.3 × 0.3 m, at a density of 2000 plants per ha. The plants were 0,12 m in height and 12 mm in diameter of the lap, besides two pairs of definitive leaves.
'The need for liming was based on soil chemical analysis and this was performed using dolomitic limestone to raise the saturation by 50% bases, according to the base saturation method (ALVAREZ; RIBEIRO, 1999) (Table 1) . Fertilizer application rate at planting was 150 kg P 2 O 5 per ha in the form of single superphosphate and 150 g of dolomitic limestone in the planting pit. The N and K coverage was 50 kg N (ammonium sulphate) and 100 kg K 2 O (potassium chloride) per ha, divided into three applications from December to February in the years 2010/11, 2011/12 and 2012/13 . Application of micronutrient fertilizer was carried out in the first application of N and K at both planting sites, where 1 kg of B (borax) and 2 kg of Zn (zinc sulphate) per ha were applied.
The experiments were conducted in a randomized block design with three replicates, the treatments being the evaluation times of the physic nut plants for both experiments. The experimental plot was composed of 12 plants, using the two central plants to carry out the evaluations. The sampling times were approximately every 30 days, from planting the seedlings in the field for some period of 1036 days, corresponding to 36 evaluations. Two central plants of the useful plot were collected. Each sample was composed of two plants at each sampling time. After collection, the plants were separated into the vegetative part (leaves and stem) and the reproductive part (fruit). The plant parts were washed in distilled water. The different plant parts were then packed in paper bags and placed in an oven with forced air circulation and kept at 65 °C. The drying time was determined by weighing the samples until constant weight was reached. After drying, each sample was weighed using an analytical balance to determine the dry mass accumulated in the plant part (leaves, stems and fruits). The samples were then ground in a Willey mill and subjected to the chemical analysis to determine the nutrient concentration, according to the methodology described by Malavolta et al. (1997) . The results were expressed as nutrient content of the dry mass of the physic nut plant parts.
The data were submitted to analysis of variance using the F test. For data that presented significant differences, regression adjustments were applied to the evaluation of the dry mass of leaf, stem, fruit and shoot (leaf + stem + fruit) and nutrient content of the dry mass of each plant part at each cultivation site.
Results and Discussion
There was a difference in the accumulation of nutrients in the shoot of the physic nut plants due to the evaluation periods in the two edaphoclimatic conditions (Diamantina and Curvelo) ( Table 2) . The highest accumulation of nutrients in the physic nut plants was reached at 1,036 days after planting (DAP) in the leaf, stem and shoot, coinciding with the maximum accumulation of dry matter in the plants; at this time-point, there was also greater accumulation of nutrients with conditions at the Curvelo location compared to Diamantina (Table  2) . Nutrient absorption occurred in the periods with higher water availability where the greatest growth of the crop was observed. Albuquerque et al. (2009) , analyzing the initial growth of the physic nut plant in dry conditions in the northeastern semiarid region, reported rapid growth of the crop in the rainy season; however, in the dry season there was a drastic reduction in its growth rate. Data on the accumulation of N, P and K in dry leaf mass (DML), stem (DMS), fruit (DMF) and the shoot (DMSH) of physic nut plants up to 1,036 days after planting the seedlings at the two cultivation sites are presented in Figure 1 , with the exception of DMF in Diamantina, where the plants did not fruit until the time of harvest.
Values for N showed different behavior in terms of its accumulation in the physic nut plants at both sites, being the nutrient found at the third highest content in plants in Diamantina. It was the nutrient most required in plants grown in the municipality of Curvelo for the formation of leaves, stems and shoots, and also for meeting the metabolic demands of fruit in this second location (Table 2 ). In relation to the greater accumulation in plant parts, N accumulated in a greater proportion in the stem in relation to the leaves in both experiments. Accumulation reached peak levels in the leaves in the three rainy periods in which leaves were present; subsequent decreases in the accumulated values were due to vegetative rest of the physic nut plants (Table 2 ). According to Avelar et al. (2008) , physic nut is a plant that presents a high growth rate mainly in the first two years of cultivation, with N being essential for the assimilation of carbon and formation of new organs in the plant (TAIZ; ZEIGER, 2013). Compared to other plants, such as coffee tree (LAVIOLA; DIAS et al., 2008) , guava (HAAG et al., 1993) and orange tree (MATTOS JÚNIOR et al., 2003) , in the present study, physic nut presented 21.04 g kg -1 of N in the fruits, higher content than those found by these authors. According to Silva et al. (2009) , omission of macro and micronutrients for physic nut causes visual symptoms of nutritional deficiency, common to other species. Lima et al. (2011a) found that the nutrients P, K, Cu and Zn were intensely redistributed from the older leaves to the younger tissues of the physic nut plant, while there was little redistribution of N, Ca, Mg, Fe, and Mn.
P was the fourth most required nutrient by the crop, showing similar results at both sites ( Table  2) . Although it was not among the first in terms of its accumulation, it was very limiting, especially during the initial phase of growth of the physic nut. The Brazilian soils showed a low P concentration; in addition, this nutrient was rapidly fixed by the clay fraction, constituted mainly by Fe and Al oxides (NOVAIS; SMYTH, 1999) . Authors, such as Silva et al. (2007) and Santos et al. (2007) , found in their research that physic nut was very responsive to phosphate fertilizer application in the early years of cultivation.
In this way, the supply of P to the jatropha, mainly in the first years of cultivation, must be in a greater quantity than that absorbed by the plant. During cultivation, there was an 'in the area explored by the root system and the efficiency of recovery of P in the soil increased (PREZOTTI, 2001) . The maximum growth of the physic nuta plants was observed with the addition of simple superphosphate to the substrate in doses estimated to be in the range 5 to 8 kg m -3 . According to Lima et al. (2011b) , phosphate fertilizer favored the growth mainly of roots and leaf area. According to the same authors, the addition of phosphate fertilizer provided an increase in plant tissue concentration of all macronutrients, except for calcium.
The K was the element required in greater quantities by the physic nut in Diamantina and the third one with greater element accumulation in Curvelo in the leaves and in the stem in Curvelo in the leaves and in the stem (Table 2 ). In the fruit, K was the nutrient that had the highest accumulation with 10395 g ha -1 at 1036 DAP. The role of K is important in the formation of fruits, as it is involved in the transport of photoassimilates in the phloem (TAIZ; ZIEGER, 2013). The deposition of biomass in the fruit is necessarily accompanied by the accumulation of K. In addition, K is a required nutrient in the activation of several enzymes essential for the synthesis of organic compounds, including starch (TAIZ; ZEGER, 2013).
When studying the redistribution of nutrients in physic nut leaves, Lima et al. (2011b) found that the levels of K were higher in young leaves with more intense physiological activity, but as these processes reduced, K was redistributed to other plants organs. According to Pacheco et al. (2009) , the stem, besides being a structural organ of the plant, is a reserve organ. In this way, losses of K during leaf fall are reduced by redistribution.
The accumulation of the secondary macronutrients Ca, Mg and S in dry leaf mass (DML), stem (DMS), fruit (DMF) and shoot (DMSH) in physic nut plants up to 1036 days after planting of the seedlings at the two cultivation sites is presented in Figure 2 , except for the DMF in Diamantina, where the plants did not fruit until the date of harvest. Levels of Ca maintained the same tendency in the two places, with Ca being the second most demanded nutrient by the physic nut plant in the different plant parts. In the fruit, Ca presented a concentration very close to that of K (17.6 g kg -1 ) in Curvelo. Thus, it is important that the soil presents adequate levels of this nutrient so as not to limit plant growth and production, since this nutrient presents low mobility in the plant which reduces its rate of redistribution. In general, it is important that the Ca concentration in the soil is maintained at the optimal range (above 3.5 cmolc dm Mg accumulation was lower than that of Ca, the accumulation of Mg was lower than the Ca accumulation, and Mg was the last in the nutrient extraction sequence of the plants cultivated in Diamantina with accumulation of 116.3 g ha -1 , and penultimate in Curvelo (2542.3 g ha -1 ), only below S, in the shoot of the plant. The stem showed a greater tendency to accumulate Mg than the leaves (Table 2) .
On the other hand, the sulfur presented an inverse behavior to Mg, having the second lowest accumulation in plants cultivated in Diamantina; S accumulation was low at the beginning of the experiment, intensifying at 415 DAP, and reaching maximum accumulation at 1036 DAP (Table 2 ). In Curvelo, S was the nutrient with the lowest accumulation, showing slow absorption until 208 DAP and, from that period, an increase in accumulation of this nutrient was observed until the end of the evaluated period.
Accumulation of micronutrients B, Cu, Fe, Mn and Zn in leaf dry matter (DML), stem (DMS), fruit (DMF) and shoot (DMSH) in physic nut plants up to 1036 days after planting the seedlings at the two cultivation sites is presented in Figures 3 and 4 , except for DMF in Diamantina where the plants did not fruit until the time of harvest. B, Zn and Cu were the most limiting micronutrients for the crops. Of these micronutrients, B was the one most required at both sites, with the second highest accumulation in plants cultivated at Diamantina (5435.62 mg ha -1 ), and the third highest at Curvelo (22028.75 mg ha -1 ) in the shoot of the physic nut at 1036 DAP (Table 2 ). The inadequate availability of this nutrient may contribute to reduced productivity, due to a smaller quantity of flowers produced, so the Levels of Ca maintained the same tendency in the two places, with Ca being the second most demanded nutrient by the jatropha plant in the different plant parts. In the fruit, Ca presented a concentration very close to that of K (17.6 g kg -1 ) in Curvelo. Thus, it is important that the soil presents adequate levels of this nutrient so as not to limit plant growth and production, since this nutrient presents low mobility in the plant which reduces its rate of redistribution. In general, it is important that the Ca content in the soil is maintained at the optimal range (above 3.5 cmolc dm -3 ), considering a ratio of 4:1 to 3:1 with Mg (NOVAIS et al., 2007) .
quantities supplied and absorbed by the physic nut plants in this study were sufficient to produce good development of the flowers. Laviola and Dias (2008) when evaluating leaf content. For the castor bean crop, also from the Euphorbiaceae family, the micronutrient Mn was also the most required (NASCIMENTO et al., 2012) . The values observed for Fe were inversely related to that observed for B in the micronutrient extraction sequence in the Jatropha plants, being the third element with greater accumulation in the aerial
The values observed for Fe were inversely related to that observed for B in the micronutrient extraction sequence in the physic nut plants, being the third element with greater accumulation in the shoot of the plants in Diamantina and the second in Curvelo, with maximum accumulation at 1,036 DAP for both locations (Table 3) , in addition to accumulating in larger proportions in the stem in relation to the leaves (Table 2 ).
The absorption rate for macronutrients showed the same trend for Diamantina and Curvelo, with absorption rates of approximately 0.4 g day -1 at the beginning of the cultivation, a marked increase up to 208 DAP where rates were higher than 0.8 g day , followed by stabilization in the absorption rates up to 1036 days of culture ( Figure 5 ).
The micronutrients, Cu and Zn, in physic nut plants behaved similarly to macronutrients at both sites, but B, Fe and Mn showed differences in absorption rates ( Figure 5 ). The absorption rates of these elements were below 0.4 mg day -1 in Curvelo and close to 0 mg day -1 for Diamantina at the beginning of the experiment, with an expressive increase in the absorption rate up to 208 DAP, tending to stabilize until 1036 DAP. With regard to the absorption rates, it was possible to observe that, in general, physic nut presented a better response to initial fertilization (planting), due to the initial peak up to 208 DAP, later tending to stabilize and at the end of the experiment a slight increase in absorption rate. The peak period occurred between June and December 2010, coinciding with the beginning of the most accentuated increase in the accumulated growth rate of the crop (CGRC) (Figure 5 ).
The absorption of nutrients differs according to the stage of development of the crop, intensifying in the flowering period and during the formation and growth of the fruit or of the organ that will be harvested. Therefore, in addition to considering the amount of nutrients absorbed, their concentration at different stages of development should be taken into account (MALAVOLTA et al., 1997) .
The macronutrient extraction sequence differed at the two cultivation sites, but it was the same in the different plants parts, namely the leaf, stem and shoot. The order of accumulation of the macronutrients in the shoot at 1036 DAP was, K>Ca>N>P>S>Mg in Diamantina and N>Ca>K>P>Mg>S in Curvelo (Figure 6 ). in the shoot at 1036 DAP was, K>Ca>N>P>S>Mg in Diamantina and N>Ca>K>P>Mg>S in Curvelo ( Figure   6 ). According to Malavolta et al. (1997) , in general, most crops adhere to the order of macronutrient requirement, N>K>Ca>Mg>P>S. Jatropha plants presented a totally different order in Diamantina and a reversal of Ca in relation to K and between Mg and P in Curvelo, not maintaining the general tendency of According to Malavolta et al. (1997) , in general, most crops adhere to the order of macronutrient requirement, N>K>Ca>Mg>P>S. Physic nut plants presented a totally different order in Diamantina and a reversal of Ca in relation to K and between Mg and P in Curvelo, not maintaining the general tendency of most cultures.
In relation to the micronutrients, the accumulation in physic nut plants was also the same in the different parts of the plant, differing only according to the cultivation sites. Mn>B>Fe>Zn>Cu in Diamantina and Mn>Fe>B>Zn>Cu in Curvelo (Figure 6 ) was the order of micronutrient accumulation in the shoot at 1036 DAP. The sequence of micronutrient accumulation found in Curvelo was similar to that observed by Laviola and Dias (2008) when studying nutrient accumulation in the physic nut plant.
According to Malavolta et al. (1997) , in general, most crops adhere to the order of micronutrient requirement, Fe>Mn>Zn>Cu>B, whereas physic nut plants showed an inversion of Fe in relation to Zn and Cu and between Mn and B when cultivated in Diamantina, and of B in relation to Zn and Cu and between Mn and Fe in Curvelo, not maintaining the general tendency of most cultures.
In a report by Silva et al. (2010) , the order of limitation of the production of total dry matter in physic nut plants was Ca> Mg> K> N> P> S for macronutrients and Fe> Cu> Zn> Mn> B for micronutrients.
Conclusions
The accumulation of macro and micronutrientes in physic nut plants was more pronounced in the edaphoclimatic conditions of Curvelo compared to plants cultivated in Diamantina.
The macronutrient extraction sequence differed at the two cultivation sites, but it was the same in the different parts of the plant, namely the leaf, stem and shoot. The order of accumulation of the macronutrients in the shoot at 1036 DAP was K>Ca>N>P>S>Mg for Diamantina and N>Ca>K>P>Mg>S for Curvelo.
The micronutrient extraction sequence showed differences between the two cultivation sites, however, it was the same in the different parts of the plant, namely the leaf, stem and shoot. The order of accumulation of micronutrients in the shoot at 1036 DAP was Mn>B>Fe>Zn>Cu in Diamantina and Mn>Fe>B>Zn>Cu in Curvelo.
